Background and objectives: This phase II study tested the safety and efficacy of fermagate, a calcium-free iron and magnesium hydroxycarbonate binder, for treating hyperphosphatemia in hemodialysis patients.
H yperphosphatemia is extensively documented as an independent factor associated with increased morbidity in patients with chronic kidney disease (CKD) (1) (2) (3) (4) . Epidemiologic studies have demonstrated that elevated serum phosphate is associated with an increased relative risk of death in patients on hemodialysis (5) .
The control of serum phosphate has therefore become a key therapeutic target in the management of patients receiving maintenance dialysis, and may become an increasingly important issue in patients with less severe impairment of their renal function. Standard thrice-weekly hemodialysis is unable to remove the ingested oral phosphate load adequately, despite the application of higher-efficiency dialysis regimens (6, 7) . Restricting oral phosphate ingestion alone can lead to a state of worsening malnutrition, with the associated negative effects on patient outcome (8) . The control of hyperphosphatemia has come to rely on the use of oral phosphate-binding medication ingested with food, rendering at least some of the phosphate therein insoluble and unavailable for absorption.
Oral phosphate binders control serum phosphate to a certain extent, but serum phosphate remains uncontrolled in approximately half of the patients on current therapy (based largely on sevelamer hydrochloride and calcium) in France, Germany, Italy, Japan, Spain, the United Kingdom, and the United States (9) . More recently, the mean serum phosphate of the maintenance hemodialysis patient population in the United States has been reported as 2.01 mmol/L, and 60% of patients have a serum phosphate level in excess of 1.78 mmol/L (10).
Treatment with current phosphate binders is associated with several side effects. Those that are calcium-based have an increased body of evidence suggesting that exposure to higher amounts of calcium is associated with progressive vascular calcification (11, 12) . It is also of note that vascular calcification progression, associated with the use of calcium-containing binders, is of significantly greater severity in conjunction with poorly controlled serum phosphate (13) . This reinforces the critical requirement of high efficacy in phosphate-lowering therapies. In addition, the current balance of evidence appears to justify the position that an ideal therapy would limit calcium exposure. Therapy with some agents can be associated with a high pill burden and newer agents that could potentially reduce this would also be of benefit.
Fermagate (Ineos Healthcare, Warrington, United Kingdom) contains magnesium and ferric iron held in an insoluble hydrotalcite structure. The iron and magnesium are held in a tight crystalline-layered structure, with carbonate groups, which are exchanged for phosphate, lying between the layers (see Figure  1) . In vitro studies have shown that fermagate has high affinity for phosphate over a wide pH range (14) . The high efficacy of fermagate compared with sevelamer hydrochloride, aluminum hydroxide, lanthanum carbonate, and magnesium hydroxide has been demonstrated using an artificial "stomacher" and simulated breakfast meal, and confirmed in a simulated upper gastrointestinal tract model against sevelamer hydrochloride (15) . A 7-d, placebo-controlled study in healthy volunteers, using fermagate doses of 1 and 2 g three times daily, revealed significant phosphate binding, with marked reductions in 24-h urinary phosphate excretion and a corresponding increase in fecal phosphate content (16) .
The aim of this clinical phase II study was to examine the efficacy and safety of two doses of fermagate (1 and 2 g three times daily) in the treatment of hyperphosphatemia in chronic hemodialysis patients.
Materials and Methods

Objectives
The primary objective of the study was to determine the efficacy (lowering of serum phosphate) of multiple oral doses of fermagate, compared with placebo, in the treatment of hyperphosphatemia in patients on stable hemodialysis. A secondary objective was to compare fermagate with placebo for its ability to lower cholesterol in patients on hemodialysis.
Design
This was a randomized, double-blind, placebo-controlled, parallelgroup study to investigate the safety and efficacy of multiple doses of fermagate (1 and 2 g three times daily) against placebo. It was conducted in five centers in the United Kingdom. Authorization to conduct the trial was provided by the U.K. regulatory authority, the Multicenter Research Ethics Committee (REC), and the local REC at each site before patient recruitment.
Current Therapy and Washout Periods
Each patient gave written informed consent before the performance of any study-specific procedures. After a successful screening procedure, eligible patients remained on their current phosphate binder treatment for 2 wk while serum phosphate levels were observed to establish treatment stability (current therapy period). If serum phosphate levels were Ͻ2 mmol/L at the end of this period, the patient's current phosphate binder treatment was stopped for 2 to 4 wk (washout period). During this period, serum phosphate levels were monitored and only when the serum phosphate reached 1.7 mmol/L or greater were patients entered into the study medication (treatment) period. Patients were withdrawn from the study if their serum phosphate was Ͻ1.7 mmol/L or exceeded 3 mmol/L on three successive observations within the first 2 wk of the washout period or if serum phosphate levels had not risen to Ն1.7 mmol/L after 4 wk.
Treatment Period
At the time of entry into the treatment period, patients were randomized to one of the three treatment arms (placebo, fermagate 1 g, or fermagate 2 g) in a ratio of 1:1:1. Study treatment (capsules containing 250 mg fermagate or matched-appearance placebo) was taken orally, three times daily, for 21 consecutive days just before meals. After completion of the treatment period, patients reverted to their original phosphate binder or equivalent and were followed up for a period of 2 wk (follow-up period). Figure 2 illustrates the study design. Compliance was monitored by returned pill counts, protocol deviations, and monitoring of dispensing logs. Patients were withdrawn if their serum phosphate exceeded 3 mmol/L on three successive observations.
The study was conducted according to the current International Conference on Harmonization (ICH) Good Clinical Practice (GCP) Figure 1 . Molecular structure of fermagate. Figure 2 . Schematic of study design.
guidelines, any local guidelines, and the Declaration of Helsinki (Edinburgh, Scotland, 2000).
Study Population Selection
The study population included male or female patients aged 18 yr or over, on a stable hemodialysis regimen (three times per week) for at least 3 mo, who were unlikely to change their dialysis prescription during the study period. In addition, subjects were receiving a phosphate binder at a stable dose for at least 1 mo before screening and had to be willing to abstain from using any oral magnesium-, aluminum-, or iron-containing preparations other than the study medication during the trial. Any vitamin D supplementation was to remain unchanged during the study period.
Patients were excluded from the study if they had a history of hemochromatosis, serum ferritin concentration Ն1000 ng/ml, clinically significant gastrointestinal motility disorder, dysphagia or swallowing disorder, or a current hemoglobin level of Ͻ10 g/dl. Female patients of childbearing potential were required to use effective contraception.
Method of Assigning Patients to Treatment Groups and Blinding
A randomization schedule was generated, each treatment packed accordingly in a block size of six (two sets of each treatment per block) and sent to the site. A unique randomization number was indicated on the label of each drug pack and sequentially dispensed to new patients at each center. Investigator sites, patients, and others involved in the trial conduct were blinded to treatment assignment until after database lock.
Fermagate and placebo capsules were identical in appearance (dark red, size 0, hard, gelatin capsules). To achieve blinding all subjects received 24 capsules a day regardless of treatment arm; subjects in the fermagate 2-g arm received 24 fermagate capsules, those in the fermagate 1-g arm received 12 fermagate and 12 placebo capsules, and those in the placebo arm received 24 placebo capsules.
Concomitant Medications
A subject's vitamin D supplementation was to remain unchanged during the study period. Calcium supplements were not given and patients were not on cinacalcet.
Measurements
Blood samples for the measurement of hematology (including coagulation) and biochemistry safety and efficacy parameters were performed during a normal dialysis visit at screening three times per week from the start of the current therapy period to the end of the treatment period, and once per week during follow-up. Total cholesterol (to assess any fermagate binding), transferrin, ferritin, serum iron, and total iron binding capacity were measured at the last visit of the washout and treatment periods. Patient dialysate composition and dialysis prescription remained unchanged throughout the study.
Statistical and Analytical Plans
An analysis of covariance (ANCOVA) model was used to test the intention-to-treat (ITT) and other populations for differences in the change in serum phosphate from baseline (washout) to the treatment period, with mean phosphate level at baseline (washout) as a covariate. Estimates of the difference between treatments were presented with 95% confidence intervals for the treatment comparisons: fermagate 2 g versus fermagate 1 g, fermagate 2 g versus placebo, and fermagate 1 g versus placebo.
Categorical data were presented using frequency counts and percentages, and continuous data were presented using summary statistics. All statistical tests were two-sided.
Because this was the first study of fermagate in patients, no formal sample size calculation was carried out. Twenty patients per treatment arm was considered a reasonable number to detect differences between treatment arms using ANCOVA.
The key populations used for analysis are detailed below.
• Safety population: All patients who received at least one dose of study drug (presentation of demographic data, mean serum phosphate levels by week, and all safety data).
• ITT population: All patients in the Safety population who had at least one determination of serum phosphate on or after the second visit during week 1 of the treatment period (presentation of primary efficacy endpoint data only).
A completers/compliers population (all patients who were randomized, complied with the protocol regarding phosphate levels, received at least one dose of study medication, had phosphate data from at least one visit during the last week of the study medication period, and had not taken any phosphate binder medication during the washout and study medication period) was also analyzed, the results of which were consistent with those of the ITT, but are not presented because of the high dropout rate.
Primary Efficacy Variable
The primary efficacy variable was the change in serum phosphate during the treatment period against untreated baseline (washout). Untreated baseline serum phosphate was calculated as the mean of the last two measurements from the last week of the washout period.
The serum phosphate level from the treatment period was calculated as the mean of the last two measurements taken during the last week of treatment. If only one measurement was recorded, the mean of this measurement and the measurement carried forward from the previous visit was calculated. Change from mean phosphate level at baseline (washout) to the treatment period was calculated using the means described above.
Results
Patients
Patient disposition is shown in Figure 3 . Ninety-three patients were entered into the study. Of these, 30 were considered to be screening failures and were not randomized to study treatment. Sixty-three patients were randomized to receive study treatment. Twenty-four patients withdrew from the treatment period [20 because of adverse events (AEs), 1 noncompliance, 1 withdrawn consent, 1 protocol violation and 1 serum phosphate out of range].
Across the study arms (Table 1) , there were no major variations in the demographic data that might have generated a bias in treatment outcomes. Most patients included in the study were male and Caucasian. The selection procedures resulted in a patient population likely to be representative of the wider hemodialysis population in the United Kingdom (17) .
Of the 63 patients randomized to treatment, 40.3% were recorded as having deviated from the protocol (53 deviations; 21 in the placebo arm and 16 in each of the fermagate 1-and 2-g arms). The population analysis definitions were adhered to in terms of identification of patients placed for each type of analysis. All randomized subjects had been receiving a phosphate binder at the start of the study. These were sevelamer-containing binders (27 subjects), calcium carbonate (22) Table 2 shows the mean serum phosphate values for each study period and by treatment for the ITT population. The mean current therapy serum phosphate level across all treatment groups was 1.53 mmol/L, which, in the absence of phosphate binder during the washout period, rose to a mean of 2.16 mmol/L at baseline (washout). Mean serum phosphate values fell during treatment with fermagate, decreasing by 0.46 and 0.70 mmol/L, respectively, in the 1-and 2-g arms; the placebo arm showed little change compared with baseline. The mean serum phosphate of the 2-g fermagate arm was below that of each treatment arm during the current therapy period. Figure 4 shows the mean serum phosphate levels of each of the treatment arms by study visit. By the third visit of week 1 on treatment, the mean serum phosphate levels of the 1-and 2-g fermagate groups had decreased to below the upper Kidney Disease Outcomes Quality Initiative (K/DOQI) target of 1.78 mmol/L.
Serum Phosphate Levels
During the current therapy period, most patients in each treatment group had a mean serum phosphate level within the upper K/DOQI serum phosphate limit. Receiving no phosphate binder in the washout period, most patients exceeded this upper limit in each treatment group. On treatment, most patients in both fermagate treatment arms had a mean serum phosphate that was below the upper K/DOQI limit, whereas most patients in the placebo arm remained at levels observed at baseline (Table 3) .
In a pairwise comparison, there was a statistically significant difference in serum phosphate levels in the 1-and 2-g fermagate arms in comparison with placebo; although, between the two fermagate treatment arms, the differences in serum phosphate did not reach significance (Table 4) .
AEs
In the safety population, 56 (88.9%) patients reported a total of 242 AEs during the course of the study. The number of patients reporting AEs during each period of the study is shown in Table 5 . Between the two fermagate arms, there was a statistically higher number of patients who reported AEs in the 2-g arm (P ϭ 0.0205).
Overall, 161 of 242 AEs (67%) were categorized as mild in severity. Table 6 shows the incidence of treatment-emergent AEs in Ն5% of the safety population, which were mainly related to gastrointestinal events. The incidence and severity of diarrhea, discolored feces, and dyspepsia appeared treatmentrelated. One patient had an arteriovenous occlusion considered by the investigator to be severe and possibly related to study medication.
Events Leading to Withdrawal
Of the 63 patients in the safety population, 23 (36.5%) did not complete the study. Of these, 22 (95.7%) withdrew during the treatment period, and 1 (4.3%) withdrew during follow-up. Across all treatment arms, the most frequent reason for withdrawal during the treatment and follow-up periods was an AE, accounting for 20 (31.8%) patients (placebo, 6; 1-g arm, 1; 2-g arm, 13) ( Table 7) . Fifteen patients were withdrawn after gastrointestinal AEs (31 events). Of these, 23 events of diarrhea and/or discolored feces were reported by 11 patients (placebo, 1; 1-g arm, 1; 2-g arm, 9). Table 7 shows these and other events by treatment arm.
Serious AEs and Deaths
Ten patients in the safety population reported a total of ten serious AEs during the study (placebo, 5; 1-g arm, 1; 2-g arm, 4), three of which (placebo, 1 patient, rectal hemorrhage; 2-g arm, 2 patients chest pain and arteriovenous fistula occlusion) were considered possibly related to study treatment by the investigator and resulted in patient withdrawal.
Two patients died during the study period (cardiac arrest during the screening (pretreatment) phase and acute myocardial infarction in a patient randomized to placebo).
Serum Magnesium and Calcium Levels
Serum magnesium levels in the ITT population within each study period, together with the change from baseline during the treatment period, are shown in Table 8 . Serum magnesium levels across all treatment groups were similar during the current therapy and washout periods. However, after treatment, they increased significantly in the 1-and 2-g fermagate treatment arms compared with placebo. Although between the fermagate arms there was no statistical significance, the levels appeared dose related. The levels had stabilized by the second week of active treatment and returned to pretreatment baseline on discontinuation of therapy at the end of the study.
During the treatment period, there were 2 (4.8%) patients on fermagate treatment, with reports of hypermagnesemia, one in each arm, and one report of increased blood magnesium in the 2-g arm. Hypermagnesemia and increased blood magnesium were each reported by one patient during follow-up. Patient withdrawals due to hypermagnesemia or increased blood magnesium are shown in Table 7 and levels in Table 8 .
There was no change of note in mean serum calcium levels across study periods or treatment arms.
There were no episodes of hypercalcemia during the washout or treatment periods, although one patient in the fermagate 1-g arm was considered to be hypocalcemic during the treatment period. 
Other Hematology and Biochemistry Parameters
There were no consistent trends in hematology or biochemical indices at either fermagate dose. Specifically, there were no significant changes in iron status or erythropoiesis-stimulating agent use. Little change in cholesterol was seen during treatment compared with baseline across any treatment arm. In the ITT population, the mean increase in total cholesterol in the fermagate 1-and 2-g arms was 0.16 mmol/L.
Discussion
Efficacy for the control of hyperphosphatemia remains the most significant challenge for any new phosphate binder. In this 21-d treatment fixed-dose phase II study, fermagate use reduced serum phosphate to below the K/DOQI-mandated upper limit in most patients, with acceptable tolerability at doses likely to be used in a future long-term treatment study.
Fermagate binds phosphate with a high degree of specificity in vitro. This is related to the charge issues involved in exchange of carbonate groups for phosphate and the stearic inhibition of the rigid crystalline structure in the binding of other potential ligands.
The 1-and 2-g three-times-daily treatments were associated with significant phosphate binding over placebo, with 52 and 81% of patients, respectively, in the ITT population being below the K/DOQI upper limit for serum phosphate. These reductions were achieved despite study subjects being randomized to a dose of either 1 or 2 g three times daily rather than titrated to an optimal effective dose. It is not possible, however, to interpret data from the 2-g arm definitively because of the high Detailed dialysis-specific data were not collected in this study. Although this was a limitation of the design, differences in small solute clearance have only a modest effect on phosphate clearance and serum phosphate levels and are unlikely to have been a significant confounder. No other indices of poor dialysis (hemoglobin, serum albumin, etc.) varied between the treatment groups in a manner consistent with there being a significant difference in dialysis adequacy after randomization. All study subjects were on a standard hemodialysis regimen (4 h three times weekly). The phosphate intake of patients in this study is likely to have been in excess of 1000 mg/d (18) .
The general tolerability profile is not dissimilar to studies of other phosphate binders. The reported events were predominantly gastrointestinal in origin. Several reports of fecal discoloration could possibly result from the iron content of the product itself.
Tolerability issues were evident in the 2-g three-times-daily arm. This dose is likely to be in excess of that required for A formal analysis of the efficacy and tolerability of fermagate as compared with previous phosphate binder therapy would have little scientific validity, because over time previous binders would have been selected and titrated to an optimally effective and tolerable dose in each subject.
Magnesium-containing medications have been in use as phosphate binders in hemodialysis patients for several years. The maximum tested 2-g three-times-daily (equivalent to 6 g/d) dose of fermagate contains 960 mg of elemental magnesium. In vitro data suggest that approximately 20% of magnesium (around 190 mg at the top dose) might be liberated into the digestive tract under low pH conditions.
A dose-dependent increase in serum magnesium was observed with fermagate treatment. The mean levels of serum magnesium plateau with no individual excursions at the 2-g three-times-daily dose beyond 2.015 mmol/L. It is expected, although not determined in this study, that reduction in serum magnesium would occur during dialysis, returning elevated levels to normal or near normal. Hypermagnesemia is common in patients on hemodialysis (19) and sustained hypermagnesemia in a high proportion of peritoneal dialysis patients has also been described (20) . Hypermagnesemia at levels up to 1.5 mmol/L is only rarely associated with clinical effects that are usually mild in severity (21) (22) (23) (24) (25) (26) . Neuromuscular toxicity, although not evident in this study, may become apparent at levels of 2 to 3 mmol/L (27) .
There was no evidence of an effect of treatment in this study on hematology or biochemical parameters other than serum phosphate and magnesium. Specifically, there was no effect on cholesterol or iron status, the latter group of tests indicating no apparent contribution from the iron component of the compound.
Given the size and quantities of capsules required each day and the potential for noncompliance, satisfactory improvements in mean serum phosphate levels were achieved. Mean serum phosphate was markedly lower in the fermagate 2-g arm as compared with the fermagate 1-g arm; the fact that the mean serum magnesium was, however, only slightly higher may be explained by poorer compliance at the higher dose, or the high dropout rate leading to a reduced cumulative intake of magnesium. Future fermagate formulations will address the pill count, with higher unit doses expected to reduce the daily pill burden for patients.
In conclusion, fermagate is a promising agent for the management of hyperphosphatemia in chronic hemodialysis patients. In the 1-g arm of this study, it offered a high level of efficacy with acceptable tolerability. Further studies are ongoing to define optimal doses for the management of serum phosphate. 
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